We report initial studies on estrogen-mediated regulation of egg yolk protein synthesis in the rooster. Egg yolk proteins are normally synthesized as a large precursor, vitellogenin, in the liver o the laying hen; roosters synthesize vitellogenin only when treated with estrogen. Polysomal RNA from the liver of estrogen-treated roosters was translated in a reticulocyte cell-free system, and the newly synthesized proteins were identified by a highly specific and sensitive indirect immunoprecipitation reaction. The messenger RNA that specifies vitellogenin has been purified more than 800-fold from rooster liver polysomal RNA by a combination of methods, including immunoprecipitation of polysomes and chromatography of RNA on poly(U)Sepharose.
In recent years an important approach has been developed for studying the molecular mechanisms by which hormones regulate gene expression in eukaryotic organisms. The goal of this approach is to study the regulatory effects of hormones in vitro, and involves the following steps: isolation of a specific messenger RNA (mRNA) from the target tissue after administration of hormone; identification of this mRNA by its ability to program the synthesis of a specific protein in vitro; purification of the specific mRNA to homogeneity; use of the pure mRNA as a template for synthesis of complementary DNA; and, finally, use of the complementary DNA as a probe for hybridization studies of in vitro transcripts from purified components with RNA polymerase and chromatin (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Studies successfully utilizing this approach have been limited to specialized tissues in which thepotential for gene expression is severely limited. We have recently begun a study along the general lines of this approach but have chosen to study specific regulation of gene expression in liver, a tissue with diverse genetic potential. Our studies involve an investigation of the induction of vitellogenin synthesis by estrogen in rooster liver.
Avian vitellogenin is a phosphoprotein that is normally synthesized in the liver of laying hens but is synthesized in roosters only after administration of estrogen. Vitellogenin was first identified in the plasma of estrogen-treated male Xenopus laevis (15, 16) . After its synthesis in the liver, this phosphoprotein is transported through the plasma to the oviduct where it is deposited in the developing oocyte as lipovitellin and phosvitin, the two amphibian egg yolk proteins that are formed by cleavage of vitellogenin (16) . Bergink et al. (17) have suggested that vitellogenin might also exist in the plasma of laying hens and estrogen-treated roosters. Deeley and coworkers* showed that vitellogenin can be iso-* R. G. Deeley, K lated from the plasma of estrogen-treated roosters as a homogeneous protein and showed by several criteria that this molecule is the precursor of lipovitellin and phosvitin. The use of the avian vitellogenin system to study the mechanism of the effect of hormone on gene expression offers several advantages: (a) the background level of vitellogenin in the plasma and in the liver of untreated roosters is essentially zero; (b) administration of estrogen results in a level of vitellogenin synthesis at which 10% of the liver polysomes are engaged in vitellogenin synthesis (K. P. Mullinix and R. G. Deeley, unpublished observation), resulting in at least a 200-fold increase in the concentration of this protein in the plasma; and (c) lipovitellin and phosvitin, the two components of the vitellogenin molecule, are well characterized and easily obtainable in large quantities from the egg. The work presented here describes our initial isolation of the messenger RNA that specifies vitellogenin, and the use of a cell-free system for protein synthesis in vitro as a means of following the purification of this mRNA.
MATERIALS AND METHODS
Preparation of Lipovitellin and Vitellogenin. Lipovitellin was prepared by the procedure of Bernardi and Cook (18, 19 (26) , with slight modifications. The rabbit reticulocyte lysate was centrifuged for 1 hr at 100,000 X g to sediment the ribosomes and polysomes. The post-microsomal supernatant was withdrawn for isolation of rabbit reticulocyte "pH-enzymes" (see below). The walls of the tube were rinsed with buffer R: 20 mM Hepes, pH 7.6, containing potassium acetate (50 mM), magnesium acetate (1 mM), and dithiothreitol (1 mM). The pellet was then resuspended in buffer R (2 ml for ribosomes from 10 ml of rabbit reticulocyte lysate), immediately frozen, and kept at -120°.
Extraction of "pH1-Enzymes" from the Post-Microsomal Supernatant of Rabbit Reticulocyte Lysates. The isolation procedure for the "pH-enzyme" fraction from rabbit reticulocytes is described by Falvey and Staehelin (27) (9, (29) (30) (31) (32) (33) (34) (35) that numerous preparations of polysomal RNA and viral RNA inhibit the endogenous synthetic activity of rabbit reticulocyte lysates and reconstituted systems from rabbit reticulocytes. We therefore examined synthesis of a specific protein in the cell-free reticulocyte reconstituted system, and monitored synthesis over a wide range of polysomal RNA concentrations by a highly specific immunoprecipitation procedure, using purified antilipovitellin antibody (see Materials and Methods). Under the appropriate conditions, the system showed a RNA concentration-dependent reaction (Fig. 1) . The radioactivity in immunoprecipitates increased linearly with from 7 to 35 jig of polysomal liver RNA from estrogen-treated roosters per 50 jil of incubation and sloped off moderately at higher RNA concentrations. This indication of "saturation" may reflect the inhibitory effect of ribosomal RNA superimposed upon the stimulatory effect of the mRNA in the polysomal RNA tellogenin in a reticulocyte cell-free system was found in the RNA extracted from only the largest polysomes (hexasomes and larger) (data not shown here).
The kinetics of protein synthesis directed by polysomal liver RNA in the rabbit reticulocyte lysate, as measured by the specific immunoprecipitation reaction, suggest that the initial rate of synthesis was considerably faster than the rate established after 20 min and maintained for an additional 70 min (Fig. 2) . Purification of mRNA The high degree of specificity and sensitivity achieved by utilizing the indirect immunoprecipitation reaction to detect specific protein synthesized in the cell-free reticulocyte system allowed us to use the system to monitor purification of the mRNA that specifies vitellogenin. Purification by poly(U)-Sepharose after immunoprecipitation of polysomes involved in vitellogenin synthesis (approximately 10% of total polysomes) was as described in Materials and Methods. The mRNA fraction obtained by poly(U)-Sepharose chromatography directed the synthesis of a protein in the reconstituted reticulocyte system that reacted specifically with purified antilipovitellin antibody. The specific synthetic capacity of this mRNA, expressed as counts per 1 jig of RNA, was more than 800 times higher than that of crude polysomal RNA from the liver of estrogen-treated roosters ( Table 2) .
The recovery of vitellogenin-specific mRNA from the theoretically expected fractions of oligo(dT)-cellulose and poly(U)-Sepharose chromatography (23, 24) varied with individual polysomal RNA preparations. In all experiments, however, poly(U)-Sepharose proved to be substantially superior to oligo(dT)-cellulose in retaining vitellogenin-specific mRNA, a finding also reported for ovalbumin mRNA by Shapiro and Schimke (36) . Identification of the products of cell-free synthesis Characterization of the products of cell-free synthesis has been extended beyond specific immunoprecipitation with Fig. 3 have not been corrected for nonspecific precipitation of product from the cell-free system without any RNA added in order to indicate clearly the background level of nonspecific synthesis (1400 cpm). This high background amounted to 40% of the total immunoprecipitated radioactivity, found in the absence of any competition, and was due to the very high specific activity of the [3H]leucine (see Materials and Methods). The linear response of specific competition ranged from 0.8 jug to 10 jig of vitellogenin, which is in the expected range for the binding capacity of the purified antilipovitellin antibody in the immunoprecipitation assay. DISCUSSION Vitellogenin has been identified by Deeley and coworkers* as the precursor molecule of the two hen egg yolk phosphoproteins, lipovitellin and phosvitin. These workers showed that vitellogenin can be precipitated quantitatively by antibody against lipovitellin from the plasma of estrogen-treated roosters. Thus, the antigenic determinants present in the lipovitellin molecule are also present in vitellogenin. It therefore seemed reasonable to utilize antilipovitellin antibody to precipitate polysomes associated with vitellogeninspecific mRNA from a crude polysome preparation from the liver of estrogen-treated roosters. We show here that the mRNA extracted from such immunoprecipitated polysomes directs the synthesis, in vitro, of a protein with antigenic de- terminants in common with vitellogenin. We are not yet able to determine whether the protein synthesized in vitro from this RNA constitutes all parts of the vitellogenin molecule. The use of the purified antilipovitellin antibody for the immunoprecipitation reactions indicates, however, that the mRNA from estrogen-treated rooster liver polysomes specifies at least part of the lipovitellin portion of vitellogenin.
The kinetics of in vitro synthesis of proteins immunologically related to vitellogenin showed two clearly distinct rates (see Fig. 2 ). The accumulation of an inhibitor of protein synthesis, such as "Q" (8) , during the incubation, seems a more reasonable explanation for this phenomenon than does the possibility that two distinct but antigenically related proteins are synthesized. The cell-free system and the indirect immunoprecipitation assay are sensitive enough to allow detection of newly synthesized protein from 5 ,ug of polysomal RNA or from 0.03 jig of the mRNA fraction obtained by poly(U)-Sepharose chromatography of the RNA from immunoprecipitated polysomes. This sensitivity will be useful for further purification of the mRNA specifying vitellogenin and might prove to be sensitive enough for studying the very first steps of RNA induction by estrogen in the rooster liver.
Chromatography of various preparations of polysomal RNA on oligo(dT)-cellulose gave results that differed from those described for globin mRNA (23) . The reduced affinity of vitellogenin-specific mRNA for oligo(dT)-cellulose and poly(U)-Sepharose may be a reflection of a short poly(A) sequence. It is known that the poly(A) sequences in eukaryotic mRNA may vary in length as a result of aging (37) . Such variations do not seem to impair the fidelity of translation, as shown for rabbit globin mRNA (38, 39) . It is possible that the unusually large size of the vitellogenin-specific mRNA may make binding to affinity columns less favorable, even if its poly(A) length is similar to that of other species of mRNA (36) .
Jost and coworkers (40) have recently described their attempts to purify the messenger RNA specifying the so-called heavy subunit of avian fl-lipovitellin (41) . Our studies indicate that the primary gene product is the messenger RNA specifying the precursor molecule, vitellogenin, and that the "heavy subunit of I3-lipovitellin" is never synthesized as such in the avian liver, but is synthesized only as a part of the vitellogenin molecule.
The findings presented here demonstrate that estrogen treatment of the rooster results in the synthesis in the liver of a species of mRNA specifying a protein immunologically related to vitellogenin, the protein that has been identified as precursor for the egg yolk phosphoproteins, lipovitellin and phosvitin. This mRNA has been partially purified and its activity assessed in cell-free systems for protein synthesis in vitro. The protein synthesized in vitro has been identified by indirect immunoprecipitation with specific antibody and by competition of this immunoprecipitation by pure vitellogenin. Thus, a workable system has been developed for further studies on the mechanism of the effect of estrogen on regulation of gene expression in cells with a wide range of metabolic activities and diverse genetic potential.
